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The benefits of high pressure processing (HPP) for microbial inactivation in food production include reduced
thermal treatment and minimized effects on sensory and nutritional profiles. These benefits have resulted in
increasing commercial production of high pressure pasteurized foods. In this review, the current state of the
art in terms of vegetative cell and bacterial spore inactivation by HPP in complex food matrices is assessed
with an emphasis on mechanisms of inactivation and treatment of products that have low or non-uniform
water activity (aw) profiles. Low aw can be the result of a high concentration in solutes, the presence of oils/
fats, or the physical removal of water through dehydration. Microbial inactivation in low aw environments
remains a particular challenge for HPP and studies on microbial inactivation observed in the different types of
low aw food matrices are reviewed in detail.
Industrial relevance: HPP-treated food products with low aw have been on the market since the nineties, but the
mechanisms of microbial inactivation at low aw are still not well understood, which hinders the development of
new applications in low or inhomogeneous aw food. This review summarizes the state of the art in terms of HPP
microbial inactivation mechanisms in model systems and various low aw food environments. Thereby, it
identifies existing and potential new applications as well as the current gaps and future research needs.

© 2014 Elsevier Ltd. All rights reserved.
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1. Introduction

High pressure processing (HPP) is a non-thermal processing tech-
nology of food which was first investigated in the late nineteenth
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century by Hite (1899). Following this, early work focused on under-
standing the biological effects of high pressure on food microorganisms
and how this could open opportunities for food preservation (Hoover,
Metrick, Papineau, Farkas, & Knorr, 1989). Since then, a significant re-
search effort has enabled the development of this tool and its transfer
to the industrial-scale. To date, it has beenmainly applied in the food in-
dustry as a post-packaging pasteurization step allowing for vegetative
microorganisms inactivation. HPP provides a gentle pasteurization
method in comparison to conventional thermal processing with mini-
mal effects on sensory and nutritional profiles (Heinz & Buckow,
2010). The inactivation of bacterial spores by HPP has also been investi-
gated and high pressure high temperature sterilization could produce
uniform, minimally processed foods of higher quality (Mathys, 2008)
than heat treatment alone (Georget et al., 2013). It has, however, not
yet been successfully introduced into the food industry, possibly due
to limited knowledge regarding the inactivationmechanisms of high re-
sistant bacterial spores as well as technical limitations (Reineke, 2012).

A common element to all decontamination (pasteurization or steril-
ization) strategies by HPP is the need to account for the food matrices
hosting these microorganisms. Food matrices are complex environ-
ments which may offer shelter to microorganisms, even under harsh
treatment conditions. Specifically, low water activity (aw) matrices
have been shown to be particularly challenging to achieve microbial
decontamination by any kind of decontamination strategies, including
HPP (Doona & Feeherry, 2007).

However, low aw products do not constitute a homogeneous catego-
ry and the low aw can result from different compositions or properties.
The aw in a food matrix can be influenced, locally or overall, by a high
concentration in solutes, the presence of oils/fats, or the physical remov-
al of water through dehydration. As a result, inactivation challenges in
low or inhomogeneous aw environments might be associated with
different, and possibly complementary, mechanisms.

In this work, the current state of the art in terms of microorganism
inactivation by HPP in complex matrices is reviewed. First, the applica-
tion and limitations of high pressure processing for food preservation
are presented. Then, high pressure inactivation of microorganisms in
food matrices with low or variable aw is introduced through 1) the im-
pact of different solutes and resultingmicroorganism protection against
HPP inactivation, 2) the impact of dehydration of food systems on the aw
and resulting microorganism protection against HPP inactivation, and
finally 3) the impact of fats and oils on local aw in food matrices and
resulting effect on microbial inactivation by HPP.

2. Application of high pressure processing for preservation and
current limitations

2.1. Vegetative microorganisms' inactivation by HPP

The use of HPP to inactivate pathogenic or spoilage vegetative
microorganisms has been largely investigated for the pasteurization of
commercial products for decades (Heinz & Buckow, 2010). Hite was
the first to conduct experiments with high pressure in combinations
with foods to extend shelf life in 1899, and reported that milk stayed
sweet longer after the treatment with high pressure (Hite, 1899).
Since then, significant research effort has focused on understanding
the underlying mechanisms of the inactivation of microorganisms
under high pressure conditions. HPP offers a lower thermal input into
the product by comparison with conventional thermal treatment and
therefore increases the quality of the foodwhilemaintaining food safety
(Balasubramaniam, Farkas, & Turek, 2008; Barba, Esteve, & Frígola,
2012; Bermúdez-Aguirre & Barbosa-Cánovas, 2011; Bolumar, Georget,
& Mathys, 2014; Hogan, Kelly, & Sun, 2005; Smelt, 1998). Despite the
steadily increasing commercial production of high pressure pasteurized
food with more than 500,000 t/y (Tonello Samson, C. 2014, Hiperbaric,
Spain, personal communication), some important scientific and techno-
logical questions are still unresolved.
One of these issues is the impact of different intrinsic and extrinsic
factors on the inactivationmechanismsof vegetative bacteria and bacte-
rial spores under pressure. To unravel the impact of the different
pressure and temperature combinations on a possible cell death or
recovery, detailed analyses about the physiological state of the cells
and how they are influenced by different food constitutes are needed.
According to Le Chatelier's principle in a system facing a shift of equilib-
rium, all cellular components are affected by high pressure, including
the cell membrane and its membrane proteins, enzymes and ribosomes
aswell as all the cell metabolism (Heremans, 2002; Smelt, Hellemons, &
Patterson, 2001; Winter & Jeworrek, 2009). In general, prokaryotic cells
show a higher resistance towards pressure than eukaryotic cells. Yeast
and molds are in general more pressure sensitive although ascospores
of some molds such as Byssochlamys and Talaromyces can be very
pressure-resistant (Chapman et al., 2007; Considine, Kelly, Fitzgerald,
Hill, & Sleator, 2008; Smelt, 1998).Within prokaryotes, gram positivemi-
croorganisms such as Bacillus, Listeria, Staphylococcus and Clostridium
have a thicker peptidoglycan layer and are therefore generallymore pres-
sure resistant than gram-negative microorganisms (Considine et al.,
2008; Dumay, Chevalier-Lucia, & Lopez-Pedemonte, 2010; Smelt, 1998).

The mechanisms leading to cell death have been investigated in
several bacterial species (Huang, Lung, Yang, & Wang, 2014). However,
the particular events leading to inactivation are not well understood
(Buckow & Heinz, 2008; Cheftel, 1995; Klotz, Manas, & Mackey, 2010).
High pressure between 300 and 800 MPa at ambient temperatures
can lead to the unfolding and denaturation of important cell enzymes
and proteins in vegetative microorganisms (Knorr, Reineke, Mathys,
Heinz, & Buckow, 2011; Rastogi, Raghavarao, Balasubramaniam,
Niranjan, & Knorr, 2007), but the specific pressure effects on microor-
ganism are more complex and several different mechanisms leading
to cell death can occur simultaneously when high pressures are applied.
Primarily, pressure at a sufficiently high level, can induce enzyme inac-
tivation, membrane protein denaturation and cell membrane rupture
caused by a phase transition of themembrane and change in its fluidity
(Abe, 2013; Ananta, Heinz, & Knorr, 2005; Winter & Jeworrek, 2009).
The pressure level needed to achieve a 5 log10 reduction of pathogenic
microorganism in different food-products ranges from 300 to 800 MPa
(Hendrickx & Knorr, 2002) and often synergism between pressure and
temperature is observed (Buckow & Heinz, 2008). By increasing the
process pressure, it is possible to decrease the temperature needed to
achieve the same inactivation. According to Smelt et al. (2001) the pres-
sure induced effects leading to cell death of vegetative microorganisms
can be attributed to four factors:

(I) Protein and enzyme unfolding, including partial or complete
denaturation;

(II) Cell membranes undergoing a phase transition and change of
fluidity;

(III) Disintegration of ribosomes in their subunits; and
(IV) Intracellular pH changes related to the inactivation of enzymes

and membrane damage (Knorr et al., 2011; Molina-Gutierrez,
Stippl, Delgado, Gänzle, & Vogel, 2002).

2.2. Sporulated microorganisms' inactivation by HPP

While high pressure pasteurization is already established, high
pressure sterilization is not yet implemented within the food industry,
even though the process of Pressure Assisted Thermal Sterilization for
mashed potatoes filed at the FDA was accepted in 2009 (Illinois
Institute of Technology, 2009). This lies mostly in the current limitation
in achieving full spore inactivation and a gap of knowledge in the
mechanistic impact of high pressure in combination with high tempera-
ture on spores. Moreover, the lack of alignment in the choice of a
(product-specific) bacterial strain(s) for validation and the absence of
industrial-scale systems with adequate temperature homogeneity at
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final pressure/temperature further restrict the current adoption of this
process by industry.

The lack of temperature uniformity during high pressure high
temperature processing within industrial vessels has been reported by
several research groups and can be explained by differences in adiabatic
heating of the product, pressure medium and the heat transfer from the
vessel wall (Grauwet et al., 2012; Juliano, Knoerzer, Fryer, & Versteeg,
2009; Knoerzer, Juliano, Gladman, Versteeg, & Fryer, 2007). The
mapping of the temperature inhomogeneity has been described by a
quantitative analysis of temperature using three-dimensional numeri-
cal simulations (Rauh, Baars, & Delgado, 2009) or by the use of a
pressure temperature time indicator, a protein-based indicator which
can be placed on several positions within the vessel and the read-out
can be conducted after the treatment (Grauwet, Plancken, Vervoort,
Hendrickx, & Loey, 2010). This absence of temperature homogeneity
at high pressure represents to date the main technological limitation
to the implementation of high pressure thermal sterilization in industry.
“Computational Fluid Dynamics”modeling was suggested as a mean to
design carriers which produce thermal uniformity within the carrier
(Knoerzer, Buckow, Chapman, Juliano, & Versteeg, 2010; Knoerzer
et al., 2007). Knoerzer et al. (2007) established a model predicting the
flow and temperature fields during a sterilization process in a pilot
scale (35 L) high pressure high temperature vessel without carrier,
with metal composite carrier and with a polytetrafluoroethylene
(PTFE) carrier. Their model represented well the experimental data
and temperature uniformity was reached with a PTFE carrier, acting as
a barrier for flow and heat transfer. Simulation of a high pressure steril-
ization process at 600MPa and ~121 °C showed thatmore than 94.6% of
the PTFE carrier volume achieved a 12 log10 reduction ormore based on
the F-value concept (z= 10 °C, Tref = 121.1 °C and D121.1 °C= 0.21 min
for Clostridium botulinum spores). However, only thermal inactivation
was considered in this model and this approach neglects a possible ef-
fect of pressure as an additional hurdle for inactivation. It would be in-
teresting for future models to include pressure and temperature
dependent inactivation models.

From the microbial indicator perspective, Clostridium spores
(C. botulinum, Clostridium sporogenes and Clostridium perfringens), Bacillus
spores (Bacillus amyloliquefaciens) and Geobacillus stearothermophilus
spores are mentioned by numerous research groups as being very highly
pressure and temperature resistant (Ahn, Lee, & Balasubramaniam, 2014;
Juliano et al., 2009; Margosch et al., 2006; Rajan, Ahn, Balasubramaniam,
& Yousef, 2006; Wimalaratne & Farid, 2008). One of the main difficulties
in selecting a reference indicator strain is that some of the known target
microorganisms for thermal sterilization are high pressure sensitive and
that some high temperature sensitive microorganisms can become very
resistant under high pressure conditions (Margosch et al., 2006;
Sevenich et al., 2013). In addition, matrix specific effects might impact
on inactivation and it has been suggested that future validation scheme
for high pressure high temperature sterilization should be based on
product-specific, relevant, indicator strains (Eisenbrand, 2005).

The inactivation mechanisms of bacterial endospores by high
pressure, at least partly differ from the ones described for vegetative
microorganisms. This is mainly attributed to the inactive metabolism,
the presence of multiple protective layers, small acid soluble proteins
protecting the DNA and the low water content in spores. It is widely
accepted that the inactivation of spores under high pressure is at least
a two-step inactivation (Heinz & Knorr, 2002; Margosch, Gänzle,
Ehrmann, & Vogel, 2004; Mathys, Chapman, Bull, Heinz, & Knorr,
2007; Reineke et al., 2011; Wuytack, Boven, & Michiels, 1998). Most of
existingmechanistic studies only focus on the first step, which is the re-
lease of dipicolinic acid and accompanied by a loss of heat resistance
(Black et al., 2005; Gould & Sale, 1970; Paidhungat et al., 2002;
Wuytack, Soons, Poschet, & Michiels, 2000; Wuytack et al., 1998), or
on the last step, the inactivation (Ardia, 2004; Margosch et al., 2006;
Mathys, Reineke, Heinz, & Knorr, 2009). Only some studies have mea-
sured and discussed the entire mechanism (Heinz & Knorr, 1996;
Margosch et al., 2004; Mathys et al., 2007) amongwhich, a study cover-
ing thesemechanisms and abroadpressure–temperature and time range,
was presented by Reineke (2012) (Fig. 1). Some recent studies opened
new approaches to investigate spore inactivation mechanisms by focus-
ing on the in situ investigation of spore high pressure germination and in-
activation (Georget et al., 2014; Hofstetter, Winter, McMullen, & Gänzle,
2013). In situ investigations might be a valuable tool to fill the gaps in
our understanding of spore inactivation mechanisms.

Three different pressure temperature domains were proposed, for
the inactivation of Bacillus subtilis spores in ACES-buffer solution.
The first domain (from 0.1-600 MPa and 30-50 °C) covers the non-
nutrient pressure induced spore germination, which only leads to
spore inactivation (max. 4 log10) after long pressure dwell times
(N1 h) (Reineke, Mathys, Heinz, & Knorr, 2013). In the second domain
(from 0.1 to 600 MPa and temperatures b 60 °C) the combination of
pressure and temperature directly affects the inner spore membrane
and/or membrane channel proteins, leading to a spore core hydration
and a subsequent inactivation, which is the fastest in domain three
(pressure N 600 MPa and temperatures N 60 °C), presumably due to a
full loss of barrier properties of the inner spore membrane (Reineke
et al., 2013). However, most of these inactivation mechanisms are
derived in simple aqueous systems, such as buffer solutions and can
be affected by food constituents. The food system itself could have a pro-
tective effect on the spores because certain ingredients such as fats,
sugars, and salts can interact with bacterial spores in a protective way.
The resulting aw of the food could lead to retarded inactivation
(Ababouch, Grimit, Eddafry, & Busta, 1995; Oxen & Knorr, 1993;
Senhaji & Loncin, 1977; Sevenich et al., 2013) and spore inactivation
needs to be tested in real food systems to ensure the safety of this
process.

Although not adopted by the food industry, two sterilization con-
cepts have been investigated. Pressure Assisted Thermal Sterilization
(PATS) (Illinois Institute of Technology, 2009) only considers the
thermal sterilization temperature being reached during pressure dwell
time as the lethal factor whereas High Pressure Thermal Sterilization
(HPTS) also takes into account the impact of pressure on spore inactiva-
tion (Mathys et al., 2009). In both cases, the process relies on adiabatic
heating to bring the product to sterilization temperatures. For HPTS
treatments, two approaches have been suggested. The first one consists
of a single pressure pulse (Heinz, 1997)while the second one consists of
multiple pulses (Meyer, 2000). However, multiple cycles reduce the
lifetime of high pressure equipment and increase maintenance costs.
This second approach is thus not recommended for technical and
economic reasons (Reineke, Mathys, & Knorr, 2011a).

During compression, the work of compression leads to temperature
changes. The theoretically resulting adiabatic heating can be derived
from the first law of thermodynamics (Bridgman, 1912) and leads to
the maximal achievable temperature change. In uniform material the
temperature rise happens simultaneously in the whole product. The
extent of the temperature rise depends on the material properties
(adiabatic heating depending on the compressibility and the specific
heat of the substance) and overlapping heat transfer phenomena
(non-adiabatic conditions). Different pressure transmitting media
would result in a variable adiabatic heating (Ardia, 2004). However,
due to the lack of thermophysical data on real foods under pressure,
the modeling of adiabatic heating in real system has been limited
(Ardia, Knorr, & Heinz, 2004). Mainly practical measurements were
able to demonstrate the differences of the adiabatic heating in real
food systems. The relevant knowledge of adiabatic heating during HPP
of foodstuff is summarized in Table 1 (Gupta & Balasubramaniam,
2012; Ting, Balasubramaniam, & Raghubeer, 2002). Themain ingredient
in most food is water and thus the thermophysical properties of water
have been utilized to estimate the temperature increase upon compres-
sion of high moisture foods. However, when working with fatty/oily
matrices or emulsions, this approximation is not accurate. As shown in
Table 1, the compression heating in fat containing foods could be up
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Fig. 1. Proposed germination and inactivation pathways of Bacillus subtilis in dependence of the applied pressure temperature conditions.
Reprinted from Reineke et al. (2013), with permission from Elsevier.

Table 1
Heat of compression values of selected foods determined at initial sample temperature of
25 °C.
Adapted from Gupta & Balasubramaniam (2012), with permission from Elsevier.

Food sample Temperature increase
(°C) per 100 MPa

Water 3
Orange juice, tomato salsa, 2% fat milk,
and other water-like substances

Ranging from 2.6 to 3.0

Linolenic acid 9.0–5.9a

Soybean oil 9.1–6.2a

Olive oil 8.7–6.3a

Crude beef fat 4.4
Extracted beef fat 8.3–6.3a

Beef ground 3.2
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to three times higher than for water (Ting et al., 2002), highlighting a
potential application for HPTS or PATS. The heat transfer from the
pressure transmittingmedium into the product could be used to increase
the temperature of the food system during and after the adiabatic
heating. It would thus achieve much faster lethal conditions (Toepfl,
Mathys, Heinz, & Knorr, 2006), in which case, however, non-uniform
temperature distributionswould need to be accounted for. Nevertheless,
results of Sevenich et al. (2013) showed for the food systems tuna in
sunflower oil and sardine in olive oil that the protective effect of the oil
and a retardation of the spore inactivationwere still present at high tem-
peratures (110–115 °C) although the target temperature was reached
faster by adiabatic heating. This could be explained by a low aw of the
foods in a range of 0.91–0.93. Further investigation and potential model-
ing of adiabatic heating of fat containing as well as emulsified foodstuff
would be required to achieve controlled heating of these challengingma-
trices. It is furthermore important to consider that oil systems exhibit
nonlinear adiabatic heating with increasing pressures. Finally, adiabatic
heating of oils is independent from the initial temperature, which differs
from water based systems. The impact of fat in food matrices is further
discussed in Section 3.3.
Gravy beef 3.0
Chicken fat 4.5
Chicken breast 3.1
Salmon 3.0
Egg albumin 3.0
Egg yolk 4.4
Egg whole 3.3
Mayonnaise 7.2–5.3a

Whole milk 3.2
Tofu 3.1
Mashed potato 3.0
Yoghurt 3.1
Cream cheese 4.8
Hass avocado 4.1–3.7a

Honey 3.2
Water/glycol (50/50) 4.8–3.7a

Propylene glycol 5.3
Ethanol 10.6–6.8a

a Substances exhibited decreasing adiabatic heating as pressure increased (Patazca,
Koutchma, & Balasubramaniam, 2007; Rasanayagam et al., 2003; Ting et al., 2002).
2.3. Modeling of inactivation kinetics by HPP

While this is not the core focus of this review, it remains important
to address the topic of the microbial inactivation kinetics by HPP. In
food microbiology, models of inactivation kinetics are commonly used
to describe the inactivation of vegetative and sporulated microbial
populations. When considering food preservation, it is essential to be
able to exactly quantify the survivingmicroorganisms in order to main-
tain consumer's safety. In this regard, inactivation kinetic modeling
takes all its importance. Different modeling approaches have been
suggested and they can mainly be summarized in two subgroups: the
mechanistic and vitalistic models (Lee & Gilbert, 1918; Watson, 1908).

The fundament of the original mechanistic conception is that the
microorganism's inactivation is similar to a chemical reaction and time
dependent (Lee & Gilbert, 1918). This conception led to the most
common expression of microbial inactivation following a first order in-
activation kineticwhere thenumber of survivingmicroorganisms is log-
arithmically plotted versus time and the exponential inactivation curve
becomes a linear function with the rate constant k as slope. This model
is the basis of thermal processing evaluation (e.g. canning) for
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treatments with variable temperatures and has led to the 12 D-concept,
still commonly used in the industry (Kessler, 2002). However, when
considering high pressure inactivation ofmicroorganisms, with orwith-
out combination with high temperature, inactivation kinetics frequent-
ly do not follow a first order inactivation kinetic (Cheftel, 1995; Heinz &
Knorr, 1996; Heinz & Knorr, 1998; Metrick, Hoover, & Farkas, 1989). In
particular, an initial lag phase (“shoulder”) and/or a leveling off for
extended treatment times (“tailing”) are common deviations to the
log linear microbial inactivation. In order to model nonlinear inactiva-
tion curves, multiple primary models have been proposed. Using an
nth-order model instead of a first order model, tailing behaviors could
be modeled but not shoulder (Van Boekel, 2010). This was shown
practically for high pressure high temperature spore inactivation for in-
stance by Reineke (2012). Moreover, the n parameter has nomechanis-
tic background (Van Boekel, 2010).

Vitalisticmodels are based on the hypothesis that all individualmicro-
organisms are different in their response to stresses such as temperature
and pressure for instance (Lee &Gilbert, 1918) and that consequently the
survival curve represents a distribution of lethal events in time. These
models accountwell for the shoulder and tailing behaviors frequently ob-
served and several suggestions can be found in the literature (Peleg &
Cole, 1998; Van Boekel, 2010). In particular, Weibull model, derived
from reliability engineering, allows for a great fitting of microbial inacti-
vation curves and an adaptation such as the double Weibullian model
has been applied to non-log linear inactivation of vegetative and sporu-
lated microorganisms. Other empirical models such as the modified
Baranyimodelwere also suggested to describe accurately nonlinear inac-
tivation curves (Koseki & Yamamoto, 2007b). The Weibull model was
assessed by Reineke, Doehner, et al. (2011) to model isorate lines for
the high pressure inactivation of B. subtilis spores. In spite of a good indi-
vidual fit of each kinetic, no systematic pressure and temperature varia-
tion of the model parameters could be found, thus limiting the
application of these models to complex inactivation phenomenon or for
predictive applications. In this case, the inactivation pressure tempera-
ture isorate lines could not be obtained. Instead, Reineke, Doehner, et al.
(2011) showed that amultiresponse kineticmodeling based on the com-
bination of simple chemical differential equations linking the different
state of the bacterial spores (dormant, germinated, and inactivated)
could also offer a mechanistic based satisfactory modeling of inactivation
curves. Alternatively, Heinz andKnorr (1996) showed that a combination
of theWeibull distribution and amechanisticmodel (1st order kinetic) in
a two-step-model considering distributed resistance mechanisms could
be applied to model the high pressure inactivation of cells of B. subtilis.
Most interestingly, in this case regressively derived parameters showed
a log-linear behavior as function of pressure which supports the capacity
of this model to represent vegetative microorganism's high pressure
inactivation.

For a detailed overview of these various modeling approaches, the
reader is referred to the corresponding literature cited in this section.

2.4. Impact of pKa and dissociation equilibrium shift on high pressure
inactivation

Water is vital to all known forms of life and is the major component
of most food systems as well as microorganisms. Consequently,
pressure induced changes in aqueous systems are important with
regard to inactivation mechanisms of microorganisms.

One of the most important changes of aqueous systems under
pressure is the shift of the dissociation equilibrium, observed both in
water and in simple chemical systems such as buffer solutions or cell
cytoplasm. The thermodynamic background of a dissociation reaction
in diluted solutions is shown in Eq. (1).

HAþH2O↔A− þH3O
þ ð1Þ
where HA is an acid, H2O is water, A− is the conjugated base, and H3O+

is the oxonium ion. The concentration of water remains basically unaf-
fected during the dissociation of a base or an acid, since it is large
(55.5 M) by comparison to the other concentrations. It can thus be
omitted in the law of mass action. Consequently, the acid dissociation
constant Ka can be calculated with Eq. (2)

Ka ¼
γH3O

þ � γA−

γHA
� A−½ � � H3O

þ� �
HA½ � 2

with the activity coefficients γi. The acid dissociation constant Ka

characterizes the extent of the dissociation of oxonium ions from an
acid. This constant differs for each acid and fluctuates over many
degrees of magnitude, therefore the acidity constant is often expressed
by the additive inverse of its common logarithm (Degner, 2009), define
as pKa (Eq. (3)).

pKa ¼ − log10 Kað Þ 3

The activity of oxonium ions, which can also vary over an extensive
range, is essential to describe the thermodynamic and kinetic properties
of processes which occur in aqueous solutions and is commonly
expressed through the pH (Eq. (4)).

pH ¼ − log10 γH3O
þ � H3O

þ� �
1 mol=L

 !
4

ThepHvaluewould be changedwith all reaction partners during the
shift of dissociation equilibria, (Eq. (1)), but no change of the concentra-
tion difference on one site happens during the reaction. For instance, in
water at 0.1MPa and 20 °Cwith nearly equal oxonium([H3O+]) andhy-
droxide ([OH−]) concentrations, neutral conditions ([H3O+] = [OH−])
are present. Oxonium and hydroxide concentrations increase under
pressure, but “neutral” conditions remain. It results that the pH shift
alone cannot accurately characterize the dissociation equilibrium shift
for aqueous systems under high pressure, and for that reason the pKa

shift should be used (Mathys, Kallmeyer, Heinz, & Knorr, 2008).
The dissociation equilibrium is pressure and temperature depen-

dent, which can markedly influence thermal processing, such as pas-
teurization, sterilization or freezing as well as preservation processes
under high pressure. For basic inactivation investigations of microor-
ganisms under high pressure, buffer solutions are ordinarily used to
achieve constant pH-values and medium properties. However, even in
such simplemodel systems, the pressure induced dissociation equilibri-
um shift could have an impact and cause a bias in the results of inactiva-
tion experiments (Mathys et al., 2008; Reineke, Mathys, & Knorr,
2011b). This was first confirmed by Clouston and Wills (1969), who
found different logarithmic reduction of Bacillus licheniformis spores in
water and phosphate buffer after low pressure inactivation up to
170 MPa. The effect of a varying dissociation equilibrium is also
important for high pressure-treated food, because the pKa shift,
pressure and temperature can act synergistically on the inactivation of
microorganisms.

To quantify the variations of the pKa value under pressure Distèche
(1959) developed one of the first pressure-resistant pH-glass
electrodes, used to measure the pH-value of sea water in the Mariana
Trench at 110MPa. To date, the dissociation equilibrium shift under pres-
sure cannot be measured in solid foods, but a few optical measurement
methods have been developed for liquids in situ pH determination.
They can operate at pressures up to 250 MPa (Hayert, Perrier-Cornet, &
Gervais, 1999; Quinlan & Reinhart, 2005) and 450 MPa (Stippl, Delgado,
& Becker, 2002, 2004). However, these experimental methods are still
limited and not appropriate for the study of combined thermal and
pressure effects in complex matrices. Data about the pure impact of the
pressure induced dissociation equilibrium shift on the inactivation of mi-
croorganisms are rare and cannot be isolated from the effects of other
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food ingredients,whichwill be discussed in the next section. Nonetheless,
the dissociation equilibrium shift under pressure should not be neglected
in order to avoid potential errors in inactivation data interpretation.

3. High pressure inactivation of microorganisms in food matrices
with low or variable water activity

3.1. Impact of different solutes and resulting microorganism protection
against HPP inactivation

Water activity as food matrix parameter was introduced in the
1950s and is a measure of the amount of “free” or unbound water
present in the food. It was defined as the ratio of the vapor pressure of
water in a given matrix to the vapor pressure of pure water at the
same temperature. It should not be directly compared with the water
content (gwater/g sample)which is the sumof the bound and unbound
water. The aw, ranges from 0 (absolute dryness) to 1 (free water). It
accounts forwater that can take an active part in exchangewith the am-
bient humidity and can possibly be used for microbiological growth.
Classically, no bacterial growth is expected for an aw inferior to 0.90
(Barbosa-Cánovas & Vega-Mercado, 1996) however some halotolerant
bacteria such as Staphylococcus aureus can grow at aw as low as 0.82
(Grant, 2004). This emphasizes the need to combine low aw with
additional hurdles in order to guarantee food safety. The survival of
microorganisms under such low aw-conditions is based on their ability
to gain or regain turgor pressure. Once bacteria are exposed to low aw
the internal turgor pressure can be lost and the cell becomes flaccid or
plasmolyzed (Sperber, 1983).

One mean to reduce the aw is by increasing the concentration of
solutes and it is well known that the resulting bactericidal effect of tem-
perature is reduced when applied to solutions with high osmolarity
(Gaillard, Leguerinel, & Mafart, 1998; Kessler, 2002; Murrell & Scott,
1966). The same effect was observed during HPP inactivation (Cheftel,
1995). Several attempts have been made to use the aw to generalize
the results on the effect of the solute concentration on HPP induced in-
activation of microorganisms (Hayman, Kouassi, Anantheswaran,
Floros, & Knabel, 2008; Koseki & Yamamoto, 2007a; Molina-Gutierrez,
Rademacher, Gänzle, & Vogel, 2002; Molina-Höppner, Doster, Vogel, &
Gänzle, 2004; Moussa, Perrier-Cornet, & Gervais, 2006; Oxen & Knorr,
1993; Simpson & Gilmour, 1997). Early investigation looked at the
physiological impact of low aw environment on vegetative microorgan-
isms. Some bacteria and fungi showed the ability to regain their internal
turgor pressure and adapt to the new low aw environment by an osmo-
regulatory process. This includes an initial sensing step, a translation
step inwhich a response is triggered followed by a physiological accom-
modation step and eventually growth (Troller, 1987). This adjusting
mechanism conducted by yeasts (Brown, 1978) and osmotolerant bac-
teria (Gould, Measures, Wilkie, & Meares, 1977) is accompanied by the
production of “compatible compounds” to adjust to the low aw (Fig. 2).

The uptake of K+ in the vegetative cell plays a key role in the
deplasmolysis and is coupledwith a complex intracellular transport sys-
tem. K+ is needed in the cell to keep the balance of charge within the
cell if exposed to an environment with low aw. The high concentration
of K+ promotes the activity of certain enzymes,mostly glutamate dehy-
drogenase which leads to the conversion of α-ketoglutarate into
glutamic acid. Glutamic acid reduces the intracellular aw which leads
to the uptake of water and therefore brings the cell back to a balanced
state and an osmotic initial equilibrium. Some microorganisms further
convert the glutamic acid to proline or γ-aminobutyric and thus avoid
the energy intensive maintenance of the K+-uptake (Lenovich, 1987).
These compounds are also able to reduce the internal aw and attract
water to restore the initial state of cell and are called compatible solutes
since they do not interact or interfere with the metabolic pathways of
the cell. How this high concentration of solute and the final aw alters in-
activation by high pressurewas the object of later work. Early investiga-
tions on this topic were reported by Oxen and Knorr (1993) on the
inactivation of the yeast Rhodotorula rubra and demonstrated the differ-
ent degrees of baroprotective effect at 400 MPa, 25 °C and 15 min
among solutions of glucose, sucrose, fructose or sodium chloride and
for equivalent aw. This work showed that for aw b 0.92 inactivation
was inhibited regardless of the solute. However, at aw = 0.94, a clear
impact of the type of solute was visible in agreement with later work
by Koseki and Yamamoto (2007a). Similar results showed that a reduc-
tion of the aw from 0.98 to 0.95 by means of increased sucrose concen-
tration in broth conferred partial baroprotection to Zygosaccharomyces
bailii for pressures up to 517 MPa (Palou, López-Malo, Barbosa-
Cánovas, Welti-Chanes, & Swanson, 1997). This was in agreement
with the work of Van Opstal, Vanmuysen, and Michiels (2003) on
high pressure inactivation of Escherichia coli in presence of sucrose for
pressures between 250 and 550 MPa. Interestingly, Van Opstal et al.
(2003) additionally noticed that increased concentrations in sucrose
(and respectively low aw) were in turn hindering posttreatment recov-
ery from sub-lethal damages to E. coli, leading to further inactivation up
to 24 h followingHPP, even in cases where no inactivation had been ob-
served immediately after treatment. As a result, the net effect of awmay
be difficult to predict. However, this last observation also suggested a
possible opening to improve microbial inactivation in low aw matrices
by HPP. Molina-Gutierrez, Rademacher, Gänzle, and Vogel (2002) and
Molina-Höppner et al. (2004) reported the influence of sucrose or
sodium chloride on the HPP-induced inactivation of Lactococcus lactis
for pressures between 200 and 600 MPa. It was argued that ionic and
non-ionic solutes have a different mechanism of protection against
high pressure mediated microbial inactivation. It was observed that su-
crose protected the metabolic activity and the membrane integrity of
L. lactis while salt did not show any protection on metabolic
activity. Molina-Höppner et al. (2004) proposed that disaccharides act
against pressure induced inactivation of cellular components while
ionic solutes protection would only rely on the intracellular accumula-
tion of compatible solutes as a response to the osmotic stress. This
would offer an asymmetric protection against HPP and require higher
concentrations (4.0MNaCl) than disaccharides (0.5M sucrose) to be ef-
fective. It might also be linked to the potential of sugars to interact with
the cell membrane and cause a retardation of the shift from the liquid
phase to the gel phase under high pressure. Molina-Höppner et al.
(2004) concluded that the accumulation of disaccharides or compatible
solutes could protect bacteria against pressure-mediated cell death in
high concentration sodium chloride or sucrose solutions.

Koseki and Yamamoto (2007a) investigated the effect of aw and
saturation of solutions on HPP induced inactivation of Listeria
monocytogenes, using three species in solution (sodium chloride:
0.2–5.0 M, sucrose: 0.9–2.0 M, and phosphate buffer: 0.01–1 M). The
results of this study showed no consistent correlation between aw and
solute concentration in terms of the baroprotective effect. It was pro-
posed that, at low aw, proteins are inflexible and hence not denatured
by HP-treatment in agreement with previous work (Hayman et al.,
2008; Moussa et al., 2006). However, this hypothesis could not clarify
why phosphate buffer (1.0 M, aw ~ 0.96) fully inhibited HPP-induced
inactivation at 400 MPa up to 10 min. Koseki and Yamamoto (2007a)
observed that, as the saturation of suspensions increased, the effect of
HPP-induced inactivation of L. monocytogenes decreased, regardless of
the kind of solute. This suggested that the saturation of a solution
might be a more reliable parameter to consider than aw to explain the
variable impact of different solutes at equivalent aw. They proposed
that when a solution is over saturated, the pressure transmission to
the water might be inhibited. However, Hayman et al. (2008) found
minimal inactivation of L. monocytogenes lyophilized and suspended in
100% glycerol and showed that the absence of inactivation was not
linked to lack of direct contact with a pressure-transmitting fluid con-
trary to the hypothesis of Koseki and Yamamoto (2007a). Glycerol, a
permeant solute, enters the cell by simple diffusion (Gould, 1985) and
it has been known to have a protective effect on cells and proteins. It
also affects the dynamic and thermodynamic properties of protein



Fig. 2. Schematic drawing of the intracellular adaptation to low aw: glutamate (○), potassium ions (□) and proline or γ-aminobutyric acid (●).
Adapted from Sperber (1983).

Table 2
Concentration of solutions having a baroprotective effect on E. coli and S. aureus in relation
to the concentration of a saturated solution (reproduced from Gayán et al., 2013with per-
mission from American Society for Microbiology). All solutions at pH 7.0 and maximal
temperature of 30 °C reached during HPP.

Substance Concentration needed
for maximum
protection (M)

Saturating
concentration
(M)

% of saturation at
concentration giving
maximum protection

Tris 2.0 4.13 48
HEPES 2.0 2.25 89
MOPS 2.0 4.7 43
KCl 4.0 4.61 87
NaCl 4.0 6.13 65
Na2HPO4 0.061a 0.36 27
Dimethyl glutarate 0.1 0.27 37
Na2SO4 0.1 1.29 7.8
CaCl2 0.1 6.71 1.5

a Based on the concentration of the disodium salt in 0.1 M buffer at pH 7.0.
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solutions (Priev, Almagor, Yedgar, &Gavish, 1996; Zancan& Sola-Penna,
2005). Suspension of a protein in glycerol resulted in the displacement
of water from the core of the protein, and hence decreased the volume
and compressibility of the protein interior (Priev et al., 1996) and thus
stabilized proteins against denaturation (Cioni & Strambini, 1994; Di
Primo, Deprez, Hoa, & Douzou, 1995; Ruan et al., 2003; Zancan &
Sola-Penna, 2005). The Koseki and Yamamoto (2007a) hypothesis was
further challenged by the first systematic examination of the effect of
buffer salt properties and concentration on inactivation of E. coli and
S. aureus by HPP between 350 and 500 MPa (Gayán, Condón, Álvarez,
Nabakabaya, & Mackey, 2013). The results in Table 2 shows that some
salts were only protective at high concentration, relatively close to the
saturation concentration (e.g. HEPES, KCl and NaCl), thus partially
confirming the results of Koseki and Yamamoto (2007a). Gayán et al.
(2013) argued that since concentrated solutions of salts are less
compressible than pure water (Eder & Delgado, 2007; Min, Sastry, &
Balasubramaniam, 2010) the reduction in the bulk compressibility of
water might minimize the deformation of cell structures under
pressure. However, the explanation for the baroprotective role of
the other salts (e.g. Na2SO4 or CaCl2) could not be correlated to the
saturation of the solution and it was suggested that ion specific
effects might be responsible. Both phosphate and sulfate anions are
considered to be kosmotropes. Kosmotropes cause water molecules
to favorably interact, which also stabilizes intermolecular interac-
tions in macromolecules such as proteins, lipid bilayers and biologi-
cal membranes (Zhang & Cremer, 2006). Calcium chloride (non-
kosmotropic substance) protection was associated with the protec-
tive effect of calcium as stabilizer of pressure sensitive targets within
the cell. When considering the specific impact of NaCl on vegetative
cells inactivation by HPP, it would also be interesting to investigate
whether NaCl exhibits antimicrobial properties besides its impact
on aw. This latter question is not the core objective of this work but
it should be underlined that no consensus was yet reached in the
scientific community with regard to the (absence of) toxicity of dif-
ferent ions in solution. Recent research showed that the interaction
of HPP (up to 500 MPa at 20 °C for 6 min) with NaCl (0%–3%) result-
ed in lower microbial counts of the endogenous flora (below 2 log
CFU/g) at the end of a 12 day storage of raw pork meat, than when
HPP or NaCl alone was used (Duranton, Guillou, Simonin, Cheret, &
de Lamballerie, 2012). However, the exact nature of the antimicrobi-
al action of NaCl besides its impact on aw and plasmolysis in non-
halotolerant strains remains unclear and contradicting evidences in
the literature underlined the need for additional research on this
particular aspect as well as potential benefit in combination with
HPP. To date, the main conclusion for most studies remains that
NaCl exhibits a baroprotective effect during HPP and an inhibitory
effect in the recovery medium (Taormina, 2010).
For bacterial spore inactivation in solutions with different concentra-
tions of solutes there is comparatively little data available to date. The
data presented by Gayán et al. (2013) regarding the impact of HPP on
different buffer salts and the dissociation equilibrium shift in water is in
agreement with the work of Mathys et al. (2008) (Table 2). Mathys
et al. (2008) showed stronger G. stearothermophilus ATCC 7953 spore
inactivation at high pressure (500–900 MPa) — high temperature (up to
80 °C), in buffers with negative reaction volumes (phosphate buffer PBS,
ΔV = −22.8 cm3/mol) than in buffers with a positive ΔV (ACES, ΔV =
+4.0 cm3/mol), due to the corresponding dissociation equilibrium shift
and charge formation under pressure. However, in the work of Mathys
et al. (2008), this observation was validated only for spore inactivation
at lower buffer salt concentrations. No investigations on spore inactiva-
tion were conducted at the high concentrations investigated above for
vegetativemicroorganisms. It is thus difficult to assesswhether the obser-
vations of Gayán et al. (2013), made on vegetative microorganism
baroprotection by high buffer concentrations, might be transferred to
bacterial spores and baroprotection. G. stearothermophilus IFO 12550
spore inactivation byHPPwas also investigated in the presence of glucose
(6–12%), NaCl (3–6%) and ethanol (10–20%) (Furukawa & Hayakawa,
2000). There, a systematic reduction in inactivation rate under pressure
of 60 MPa, 95 °C and up to 500 min was observed, but full inactivation
was always achieved, probably due to a too small solute concentration
to grant full baroprotection through aw reduction in the conditions tested.
Recent work by Sevenich, Thieme, Hecht, Rauh, and Knorr (2014) on
Bacillus amyloliquefaciens spores showed that by using higher concentra-
tion of NaCl (1.2–2.7 mol/L) and sucrose solutions (0.83–1.7 mol/L) to
control the aw in the range [0.9–1], significant baroprotection was
achieved during processing at 600 MPa/105 °C or 600 MPa/115 °C.
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Interestingly, at equivalent aw, sucrose seemed to lead to an increased
baroprotection by comparison to NaCl. This difference was however re-
duced at the higher processing temperatures and aw. With sufficiently
long holding times, inactivation could be achieved with a faster rate
than by thermal processing alone.

The results of this section suggest that the mechanisms of HPP
inactivation of microorganisms in presence of solutes are complex.
There does not seem to be any simple correlation between the aw and
resistance to high pressure inactivation. Sugars (glucose, fructose and
sucrose) and glycerol stabilized microorganisms considerably more
against inactivation than other compounds and the mechanisms of
baroprotection seem to be multiple. Different solutes and resulting mi-
croorganism protection against HPP inactivation have to be considered
at two levels:

- The impact on the solution aw, accompanied with a stabilization of
proteins andmembranes. This effectmight be dominant in sporulated
microorganisms, less likely to interact with solutes, or at very high
concentrations.

- The individual solute properties which might provide an additional
protection against HPP induced inactivation of microorganisms
(e.g. kosmotropic solutes).

3.2. Impact of dehydration of food systems on the water activity and
resulting microorganism protection against HPP inactivation

As described above, water content and aw are distinct parameters.
The water content alone is not sufficient to determine food safety or
predict product shelf life. The relationship between water content and
aw is complex and related to the relative humidity and the water
content. Typically, it is possible to have products with comparable
water contents but different water activities. For instance, salami and
cooked beef both have similarwater contents (60%) but the aw of salami
is 0.82 and cooked beef is approximately 0.98. One can however link the
reduction of aw to the drying process in the sense that drying removes
the free water from the system and contributes to reduce the
water available for microbial growth, namely the aw. For example,
dried fruits have an aw of 0.72–0.80, spices 0.58–0.72 (e.g. grinded
pepper and cinnamon) or milk powder of 0.19 (Schmidt & Fontana,
2008). Dehydration has been practiced since ancient times to preserve
food.

Dehydrated matrices are relevant to consider separately from other
low aw matrices since the absence or minimal presence of water as
transmitting medium for high pressure represent a particular challenge
to HPP preservation for this class of products. Additionally, some of
these matrices are destined to be rehydrated (soups, milk powders)
and/or used as ingredients (spices, nuts), thereby opening a risk for mi-
crobial growth through consumer usage. In its report on risk profile on
pathogens and filth in spices, the FDA emphasizes the major outbreaks
from microbial contaminants in spices between 1973 and 2010 as well
as the type of pathogens found in spices (Van Doren, Dennis, Brandt, &
Solomotis, 2013). The review identified fourteen spice-associated ill-
ness outbreaks occurring between 1973 and 2010 which resulted in
1946 reported human illnesses, 128 hospitalizations (7% of cases) and
two deaths (0.1%). The readers are referred to the corresponding report
where the summary of enteric illness outbreaks taking place during
1973–2010 associated with consumption of microbial contaminants in
dried spices and seasonings or foods containing these contaminated in-
gredients is presented. Mostly incriminated were white and black pep-
pers with Salmonella contamination. Aside from Salmonella, B. subtilis
and Bacillus cereus related outbreaks were also reported. Moreover, a
list of microbial pathogens detected in spices between 1985 and 2012
listed Salmonella spp., Bacillus spp., C. perfringens, Cronobacter spp.,
Shigella and S. aureus as the main pathogens detected in spices (Van
Doren et al., 2013). While treatments such as ethylene oxide, steam
treatment or irradiation are commonly applied to spices to reduce the
risk of microbial contamination, these are not well accepted by con-
sumers or not satisfactory from a quality aspect and alternatives are
still sought for.

Literature concerning HPP of dehydratedmatrices is scarce since the
use of high pressure requires the presence of a transmitting medium in
order to be efficient.Without water,most of the dry foods e.g. herbs and
spiceswill comeout of theHPP treatment as clumps. Butz, Heinisch, and
Tauscher (1994) looked at the response of suspensions of spices and
spice mixtures in water to high pressure treatment and samples were
decontaminated after three pressure cycles (30min at 80MPa followed
by 30 min at 350 MPa) at 70 °C at a minimum aw of 0.91. This however
required preliminary hydration of the spices and no inactivation was
noticed below a aw of 0.66. Similarly, raw almond surface decontamina-
tion from Salmonella enteritidis by HPP (up to 482 MPa and 55 °C) was
reported where only direct suspension in water proved to bring signif-
icant inactivation (Goodridge, Willford, & Kalchayanand, 2006;
Willford, Mendonca, & Goodridge, 2008). This higher lethality of
immersed almonds was attributed to the absorption of moisture at the
surface and leading to an increased aw. Alternatively, high pressure pro-
cessing of vacuumed packaged nuts (pecans andwalnuts) was assessed
for inactivation of Salmonella but was reported to induce less than 1
log10 reduction at 600 MPa up to 20 min (Harris, 2013).

Further studies focused on the use of high pressure for decontamina-
tion of seeds. Neetoo, Ye, and Chen (2008) and Peñas, Gómez, Frías, and
Vidal-Valverde (2008) used high pressure for the decontamination of
mung bean and alfalfa seeds. In the case of Neetoo et al. (2008) the
seeds were inoculated with the E. coli O157:H7 and successful inactiva-
tion could only be achieved after wetting of the seeds with a minimal
volume (Neetoo, Pizzolato, & Chen, 2009; Neetoo et al., 2008). Dry treat-
ment only inducedminor inactivation as could be expected from the ab-
sence of pressure transferring medium. Similarly, Peñas et al. (2008)
also wetted the beans prior treatment and vacuumed packed them
(Peñas et al., 2008). In terms of food safety, sprouted seeds are a unique
challenge since they offer optimal conditions of moisture, temperature
and nutrients. In this case, high pressure processing could be an alterna-
tive for the decontamination (Neetoo et al., 2008). With high pressure,
the safety of sprouts could be improved and one might prevent such
EHEC outbreaks as in Germany in 2011, where contaminated sprout
seeds led to a fatal outbreak (Robert Koch Institute, 2011).

Finally, dry meat products, though challenging due to the additional
presence of high salt concentrations and low aw might also beneficiate
from HPP. For this product group, HPP might be a powerful tool to con-
trol risks associatedwith Salmonella spp. and L. monocytogenes aswell as
spoilage microorganisms in raw or marinated meats. For example, dry
cured ham is a dry, bone-in, salted and dried, and non-fermented
meat product. Due to its low aw and high salt content, spoilagemicroor-
ganisms, mainly gram-positive cocci and yeasts, might prove challeng-
ing to inactivate (Hugas, Garriga, & Monfort, 2002). Slicing of dry
cured ham can lead to contamination of the final sliced products with
spoilage or pathogenic flora such as L. monocytogenes. In the work of
Garriga, Grèbol, Aymerich, Monfort, and Hugas (2004), sliced, skin
vacuum-packed dry cured ham samples (aw 0.89, NaCl 4.60%), were
treated by HPP at 600 MPa for 6 min and showed at least 2 log10
reduction for spoilage associated microorganisms after treatment.
L. monocytogenes was present (in 25 g) in only one untreated sample,
at time 0, but absent in all HPP treated samples during the whole 4 °C
storage period investigated (120 days). Furthermore, later work
showed that 600 MPa for 6 min at 31 °C permitted to reduce a cocktail
of inoculated Salmonella strains from 3.5 log10 CFU/g to b10 CFU/g
dry-cured ham (Jofré, Aymerich, Grèbol, & Garriga, 2009). Asmentioned
in the previous section, one key consideration stated throughout studies
on HPP preservation of dry-cured meat products is that, though limited
during HPP processing, microorganism inactivation is reinforced post-
processing due to the low aw of the product treated which prevents
the recovery of cells with sub-lethal damages. These findings were suc-
cessfully translated into an industrial application by the company
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Espuña, SA in Spain, which uses HPP to decontaminate packed cured
ham (Espuña SA, 2014).

From these studies, it can be concluded that HPP of dried systems
has limited application in particular due to the absence of a pressure
transmitting continuous phase. Moreover, even under vacuumed
conditions and using water as compression medium, the low surface
aw (for nuts for instance) still limits strongly the resulting microbial in-
activation. Wetting and HPP of some dry systems such as seeds may
nonetheless offer an interesting solution where no alternative has
been this far established to fill the safety gap. In the case of sprouted
seeds, one could possibly imagine a HPP step preceding the sprouting
step to reduce the final microbial loads.

Dry-curedmeat products are one of themost promising applications
of HPP for the dry product category as was shown with the industrial
application by Espuña, SA in Spain, now commercialized across
Europe. HPP showed potential to reduce spoilage and pathogenic
flora. Though small, these reductionsmight be significant when consid-
ered in a product with low initial contamination by Listeria spp.

3.3. Impact of fats and oils on local water activity in food matrices and
resulting effect on microbial inactivation under HPP

Fats and oils are special cases of low aw foodmatrices. In addition, fat
containing emulsions, though containing free water, might create local
low aw refuges.

Cheese, with its high fat and salt content constitutes one of the
matrices of interest for HPP inactivation. Cheese aw can vary greatly de-
pending on the type of cheese and processing and covers a range from
0.69 (e.g. parmesan) to 0.99 (e.g. cream cheese) (Schmidt & Fontana,
2008). The main microorganisms of interest in this product category
are L. monocytogenes, E. coli, S. aureus and spoilage microorganisms.
A number of studies have focused on HPP inactivation in diverse cheeses
(Morales et al., 2006; Reps, Kolakowski, & Dajnowiec, 1998; Szczawinski,
Szczawinski, Stanczack, Fonberg-Broczek, & Arabas, 1997; Voigt,
Chevalier, Qian, & Kelly, 2010). Capellas, Mor-Mur, Gervilla, Yuste, and
Guamis (2000) reported up to 4.9 log10 reduction of spores of B. subtilis
in fresh cheese by using successively high pressure germination at 60
MPa/40 °C and high pressure inactivation of the germinated spores at
500 MPa/40 °C. Morales et al. (2006) found that the aw of cheese signifi-
cantly affected the pressure resistance of L. monocytogenes and suggested
that fat increased the resistance of microorganisms to HPP destruction in
a similar way as to heat inactivation.

Many natural and formulated dairy products are oil in water emul-
sions. Cream is an example which offers a challenging environment
for microbial inactivation due to the presence of fat and corresponding
locally reduced aw. Early work nonetheless suggested that themicrobial
load of cream (35% fat) could be significantly reduced. Listeria innocua
could be inactivated by HPP at 450 MPa and 25 °C for 10–30 min and
it was suggested that HPP might help extending the refrigerated shelf
life of dairy creams (Raffalli et al., 1994). Simpson and Gilmour (1997)
later showed that high pressure inactivation of L. monocytogenes was
significantly reducedwhen cells were suspended in an olive oil mixture
(30% v/v oil) by comparison to a PBS buffer. The authors suggested that
the reduced level of water in the fat droplets or at their interface might
have been a determining factor in conferring baroprotection. As might
be expected, at reduced fat content (e.g. milk at 3.5%), the protective ef-
fect of fat in emulsions also diminishes suggesting microorganisms
might not remain in or at the interface of the fat droplets. For instance,
fat content in milk between 0, 3.25 and 5% had no significant influence
on the HP destruction of E. coli and it was further found that the major
contributors for baroprotection of E. coli inmilk duringHP treatment ap-
pear to be casein and lactose, rather than the fat content (Ramaswamy,
Jin, & Zhu, 2009).

The scarcity of studies investigating bacterial spore inactivation under
HPP in fatty/oily or emulsified matrices has to be emphasized. Ananta,
Heinz, Schlüter, and Knorr (2001) showed that by adjusting moisture
content of cocoa mass to 30%, the inactivation of G. stearothermophilus
spores was clearly pressure and temperature dependent and up to 6
log10 reductionwas achieved. These observations showed that the spores
were effectively protected by their surrounding matrix against lethal
effects of pressure and heat. Spore inactivation was enhanced by the
addition of water to the medium. This approach was first elucidated
from heat inactivation studies of spores in fat systems and the variable
protection conferred by different oils was associated with variations in
their water content (Molin & Snygg, 1967). It was further argued that
the protective effect of fat on the suspended microorganism was due to
the decreasing aw of the system, which possibly affected the spore
germination system in such a way that the spores could not germinate
and be inactivated (Furukawa & Hayakawa, 2000; Raso, Góngora-Nieto,
Barbosa-Cánovas, & Swanson, 1998). The addition of water might have
contributed to creating a more suitable environment, which allowed
bacterial spores to germinate. Plausible mechanisms related to this
behavior were suggested (Ananta et al., 2001). They ranged from shifting
the specific solute driven osmotic condition into a more favorable one,
increased solvation of spore components (Clouston &Wills, 1969), tomi-
gration of spores from fatty into aqueous regions or diffusion ofwater into
fatty regions (Senhaji & Loncin, 1977). However, the migration of spores
into aqueous regions seems unlikely due to the hydrophobic nature of
bacterial spores' surface (Wiencek, Klapes, & Foegeding, 1990).

Inactivation kinetics of B. amyloliquefaciens spores in fish in oils,
were reported and also highlighted a protective role of thematrix prob-
ably linked to the reduced aw associated with the presence of oil. This
latter study focused on the use of HPTS in different food andmodel sys-
tems with varying aw including fish in different oils, in brine and baby
food (Sevenich et al., 2013; Sevenich et al., 2014; Sevenich et al.,
2015). The authors focused on the inactivation of two selected spore
strains, B. amyloliquefaciens (TechnischeMikrobiologieWeihenstephan,
2.479, Fad 82) andG. stearothermophilus (Sterikonwith bioindicator), at
different temperature-time combinations (90–121 °C, 0–30 min) at
600 MPa (HPTS) and showed that spores of B. amyloliquefaciens were
more resistant to HPTS than the ones of G. stearothermophilus. The T, t
dependencies at 600 MPa in real and model systems at variable aw
(baby food puree aw: 0.96, fish systems in oils or brine aw: 0.91–0.94
and ACES buffer 0.05 M aw: 1) were established for 5 log10 and extrap-
olated for 12 log10 inactivation and the corresponding inactivation
kinetics modeled with a nth-order model (Fig. 3). Fig. 3A shows that
an inactivation of 5 log10 for the tested spore strain is possible with
HPTS even at relatively low temperatures (90 °C) although depending
on thematrix, longer holding times are necessary to achieve the desired
inactivation. For 5 log10 inactivation, the influence of the aw in the
ranges considered, was rather low at high temperatures. However, a
baroprotective effect of thematrixwas apparent for lower temperatures
(T ≤ 110 °C and t ≥ 10 min).

In the canning industry the 12 D-concept is often applied to
guarantee safe and stable foods. To evaluate under which condition
HPTS could lead to a 12 log10 inactivation, an extrapolation was car-
ried out for the isokinetic lines (Fig. 3B) and indicated that the aw
could have a protective effect on the spores. Kinetics in olive oil
(dotted line) and tuna in sunflower oil (dashed line) with an aw
between 0.92 and 0.91, suggested that oil offered a protective ef-
fect. The baby food puree and tuna in brine with an aw between
0.94 and 0.96 did not offer a protective effect and therefore lower
T,t-combinations were possible.

Other authors, who investigated thermal inactivation of spores, sug-
gested the existence of free fatty acids, which could enter inner parts of
the spores and protect key molecules from heat denaturation. This
conclusion was drawn following heat inactivation of spores suspended
in various lipid materials with the same water level (Ababouch et al.,
1995; Molin & Snygg, 1967). This hypothesis was however challenged
by more recent work emphasizing a potential beneficial role of unsatu-
rated fatty acids in the HPP inactivation of microorganisms in food
matrices as described below.



Fig. 3. Isokinetic lines of selected food systems for an 5 log10 (A) and extrapolated 12 log10 (B) inactivation of B. amyloliquefaciens spores at 600 MPa in a T,t-range of 90–115 °C and
0–50 min. Isokinetic lines were derived from kinetic analysis of the experimental inactivation data. Sardine in olive oil (small black dotted line— aw 0.92— n = 1.1); tuna in sunflower
oil (black dashed line— aw 0.91— n= 1.1); ACES-buffer 0.05 M (solid black line— aw 1— n= 1.05); baby food puree (black dash dotted line— aw 0.96— n= 1); tuna in brine (dash dot
dotted line— aw 0.94— n= 1); border of the thermal inactivation (large black dots) (based on Sevenich et al., 2013; Sevenich, Kleinstueck, et al., 2014; Sevenich, Thieme, Hecht, Rauh, &
Knorr, 2014; Sevenich et al., 2015, with permission from Elsevier). For reaction rate constants, the reader is referred to the corresponding literature sources.

Fig. 4. Isokinetic lines for a 5 log10 inactivation of B. amyloliquefaciens spores in different
model systems and experimental data in real food systems in dependency of aw and tem-
perature at given treatment times. Real food systems: tuna in brine (aw 0.94); tuna in sun-
flower oil (0.91); sardine in olive oil (aw 0.92) andbaby foodpuree (aw 0.96). NaCl [1.2–2.7
mol/L] and sucrose [0.83–1.7 mol/L]. Data derived from Sevenich et al. (2013); Sevenich,
Kleinstueck, et al. (2014); and Sevenich, Thieme, Hecht, Rauh, and Knorr (2014).
Isokinetics established based on the nth-order approach described in Section 3.
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Tests conducted on fatty duck liver (44% fat) stabilized the livers for
90 days at 4 °C by means of a high pressure treatment (550 MPa/55
°C/20min) and appropriate vacuumpackaging. In this work, the indica-
tors selected were S. aureus, the total coliforms and the total aerobic
mesophilic flora. The final product presented improved sensory proper-
ties by comparison to the standard process, but nomechanismwas pre-
sented (Ballestra et al., 1999; Cruz et al., 2003; El Moueffak et al., 1994;
El Moueffak et al., 2001). Later work looked at the effects of HPP
(500MPa, 5min) on themicrobiological, physico-chemical and sensory
properties of fermented Spanish dry sausages (salchichón), high in un-
saturated fatty acids (high-oleic and high-linoleic acids) (Rubio,
Martínez, García-Cachán, Rovira, & Jaime, 2007). It showed that in the
case of the high-linoleic salchichón, microorganisms remained inactive
during post-HPP storage causing it to register the lowest counts and im-
proved microbial stability. Other authors reached the same conclusions
in different meat systems with inclusion of olive oil and grape seed oil
correlated to higher unsaturated fatty acid contents, improvedmicrobi-
al inactivation (Jung et al., 2012; Kruk et al., 2014) and suggested the
potential beneficial role of someunsaturated fatty acids in HPP inactiva-
tion of microorganisms in complex matrices. Remarkably, duck and
goose fatty liver contains high concentrations of oleic acid (N50% total
fatty acids composition) (Rukke, Fernandez, & Schüller, 2008). In light
of the results introduced here, microbial inactivation in fatty duck
liver by HPP could be facilitated thanks to the matrix composition. The
results of Molin and Snygg (1967) and Ababouch et al. (1995) might
thus potentially be due to an improved inactivation in given oils rather
than a protective effect of the fatty acids of some other oils or a
combined effect of protective or harmful fatty acids. These results,
obtainedwith the naturalflora of given foodmatrices, allow for hypoth-
esis as to the impact of fatty acids on spore inactivation but will need to
be confirmed for bacterial spores specifically. Further investigations are
required to obtain a full mechanistic understanding of the role of fatty
acids in HPP inactivation of spores.

In order to summarize the latest findings and compare bacterial
spore inactivation in different food model systems based on their aw,
isokinetic lines and sample data points obtained at 600 MPa for a 5
log10 inactivation of B. amyloliquefaciens spores, one of the promising in-
dicators for HPTS, are presented in dependency of aw and temperature
for given treatment times (Fig. 4). These results summarize and
compare spore HPTS inactivation in different environments with
variable aw introduced in this review. Fig. 4 clearly highlights the
complexity of the inactivation of spores by HPTS in real food systems.
The inactivation kinetics are strongly influenced by the matrix and aw
alone cannot fully account for this difference.
HPTS proved to achieve a 5 log10 inactivation at 600 MPa in variable
low awmatrices with relatively low temperatures (90 °C). However, the
required holding time at the lower temperatures and a given awwas vis-
iblymatrix dependent, confirming thefindings presented in this review.
The variable baroprotective effect of the matrix was clear for T b 110 °C
but less visible for higher temperature.Most interestingly,when looking
at real food systems, it was noticeable that baby food behaved fairly
closely to solute systems. On the other hand, fish in oil and brine sys-
tems exhibited a remarkable behavior for 10 and 5 min data points.
Namely, in spite of a relatively lower aw, the temperature needed to
achieve inactivation of 5 log10 was lower than for baby food or solutes
systems.

Overall, it could be concluded that HPP preservation of fat/oil
containing matrices might be more challenging due to the formation
of local (or global) low aw refuges. However, not all fats/oils behave
the same, and it was shown that a more systematic evaluation of the
protective or deleterious role of different fatty acids as well as the
impact of high pressure on the fatty acids profile needs to be better
understood to predict inactivation in thesematrices. Moreover, themem-
brane properties (hydrophobic/hydrophilic) of different microorganisms
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might aswell affect their behavior in emulsifiedmatrices and also need to
be considered.

4. Conclusions and need for future work

This review summarized the multiple interactions and impacts of
complex matrices and, in particular, of low or variable aw on the
microbial inactivation by HPP. HPP inactivation of microorganisms at
low or variable aw is reduced, but this limitation also applies to other
preservation technologies. HPP could thus still support a reduction of
the thermal intensity for these product categories.

The current state of knowledge of the inactivation mechanisms was
reviewed. In particular, it was shown that:

• The impact of solutes on high pressure inactivation ofmicroorganisms
has to be considered at two levels:
- The impact on the aw. The reduced aw alone cannot fully explain the
baroprotection conferred by solutes. It is however clear that a
reduction in aw will contribute to stabilizing proteins against
denaturation.

- The individual properties of the solute and its properties in solution
which might provide an additional protection against pressure
induced inactivation of microorganisms, as was suggested for
kosmotropic solutes.

Practically, the use of HPP for food matrices with high solute concen-
trations has already shown potential for specific applications. The first
case of HPP processed commercial food product was fruit jams (Meidiya
food factory Co.) in Japan (Horie, Kimura, & Hori, 1991) to inactivate
yeasts, which highlighted the opportunity for microorganisms in highly
concentrated solute environments (Cheftel, 1995; Yaldagard, Mortazavi,
& Tabatabaie, 2008).

• The impact of the dehydration of food systems on the aw andmicroor-
ganism protection against HPP inactivation has led to only few appli-
cations for HPP preservation because of the limited amount of
compression medium. Nonetheless, HPP treated dried food products
exist already on the market for 10 years, such as cured and smoked
sliced ham with aw 0.89 and NaCl 4.60% content, suggesting that
HPP preservation also carries potential for this product category. In
fact, if only low initial contamination occurs, for example in cured
and smoked ham, HPP could be valuable by inactivation of these
limited amounts of microorganisms and a risk reduction, such as for
Listeria free ham products. Additional wetting steps prior to HPP
might also be considered for other dried products where a current
safety gap exists and no other alternatives could be applied.

• The impact of fats and oils on the resistance of microorganisms to HPP
seems to act in a similarway as for heat inactivation. Bacterial surfaces
with hydrophobic or hydrophilic properties affect the shift to the
aqueous or oil phase in emulsions, where the oil phase has a much
lower local aw and therefore lower inactivation. Also, individual fatty
acidsmay support improved inactivation of microorganisms although
no clear mechanism could be identified thus far. One might further
note that only very few studies focused on theHPP inactivation of bac-
terial spores in fat or oil containing products. Bacterial spores may be
introduced in a fatmatrix bymeans of specific ingredients (e.g. herbs)
and trigger a risk for the consumer or induce spoilage of the product if
the conditions allow germination. The fact that fats have up to three
times higher adiabatic heating than water might open opportunities
for improved inactivation of spores by high pressure thermal steriliza-
tion and could support sterilization of fat containing matrices with a
reduced thermal load.

This review underlines that the investigation of HPP microorganism
inactivation mechanisms in low aw matrices imposes to account for the
matrix composition and not only the aw. Inactivation kinetics in real
food systems might significantly differ from kinetics in solutions at the
same aw. Single case studies are thus needed and the aw is only one of
several relevant parameters to consider. There may be a strong influ-
ence of the different ingredients in more complex food systems which
could lead to unexpected results, such as, a lower temperature require-
ment for 5 log10 inactivation with long holding times in tuna in oil than
in a baby food model (Fig. 4). This is particularly true for the low tem-
perature/long holding time HPP combinations where the temperature
contribution does not overrun matrices specificities. There, adding sol-
utes or removing water might also change physico-chemical parame-
ters of the matrix, such as, its microviscosity and solute's diffusivity
which might in turn affect the inactivation kinetics of microorganisms.

Clear mechanistic understanding will need to be achieved and
combined to adequate kinetic modeling to enable a satisfactory process
control of pasteurization or sterilization and take advantage of the indi-
vidualities offered by HPP in terms ofmicrobial inactivation. Additional-
ly, these process windows need to allow for a safety and/or quality
improvement by comparison to conventional processing which should
be assessed in terms of consumer acceptance and nutritional benefits.

Next, there is a clear need for equipment development to enable
reaching the process conditions required for high pressure high temper-
ature sterilization.While industrial production of HPP pasteurized foods
reached over 500,000 t in 2014 (Tonello Samson, C. 2014, Hiperbaric,
Spain, personal communication), the current industrial equipment
does not allow for uniform temperature processing and thus steriliza-
tion at industrial-scale. Furthermore, when considering HPTS, a major
challenge remains the definition of the best indicator strain as well as
the accurate initial concentration in the respective food matrix. The
well-established process windows for thermal processing are quite
often based on extensive empirical data sets, which are still missing
for HPP. Based on the multiplicity of the mechanisms at stake in differ-
ent food matrices, it might also be interesting to consider product-
specific strain selection for process validation.

Finally, future work will need to look at the impact of HPP on other
food safety threats in complex matrices. Typically, many food borne
diseases are linked to virus contamination, but only limited data for
the inactivation by HPP exists. Another non-microbial hazard could
come from prion proteins, which are extremely resistant to heat and
pressure, but also in this topic, very few researchpaperswere published.
There again, variation in the food matrix composition could induce
increased resistance which needs to be characterized.
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